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Introduction
can be high and individual yields from a divided carcass low, suggesting to some that the 75 primary function of hunting is social (Stanford et al., 1994; Mitani and Watts, 2001 ). This 76 view is supported by the observation that hunting frequencies may be higher during 77 seasons of abundant food, contrary to what one would expect if meat were making up a 78 nutritional shortfall (Mitani and Watts, 2005) . Others emphasize that, unless carcasses 79 were intrinsically valuable, they would have little value in social exchanges and point to 80 ecological explanations and non-caloric nutritional benefits (Gilby et for attempts to use chimpanzees as referential models for early hominins. A better 84 understanding of causes of variation in hunting frequency, seasonality, and prey choice 85 among chimpanzees is needed (Newton-Fisher, 2015) . 86 We report here on observational and fecal data collected at the Issa, Nguye, and 87
Bhukalai study sites, Ugalla (Tanzania), and place them in the context of published 88 quantitative information on the prevalence of vertebrate remains in chimpanzee feces 89 from other wild chimpanzee populations. Fecal data indicate consumption only; however, 90
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p. 5 scavenging by chimpanzees is rare (Watts, 2008) , such that it is therefore likely that most 91 vertebrates consumed were hunted. 92
93

Fecal analysis and rates of faunivory 94
To compare rates of vertebrate consumption across sites requires the use of indirect 95 evidence (fecal contents), because observational data on meat eating among savanna 96 chimpanzees are scarce. This, in turn, requires a methodological digression, because the 97 use of fecal analysis to detect carnivory has been categorically challenged: "feces do not 98 appear to provide a reliable indicator of hunting: while the presence of remains can 99 confirm that consumption does occur, little can be said about its frequency" (Newton-100
Fisher, 2015:1665). Both Newton-Fisher (2015) and Uehara (1997) based their reticence 101 about fecal analysis on the rejection of such data by (Boesch and Boesch, 1989:551) : 102 "our experience of collecting feces during 2 years showed that such a method is not 103 reliable as it does not match with the visual observations." Uehara (1997) also cited 104
McGrew (1983) as calling for caution when interpreting fecal data. However, although 105 caution is always important, in fact McGrew (1983:47) advocated the use of fecal 106 analysis as a "more standardized alternative" to observational data. 107
Is fecal analysis actually unreliable, or can it be used to estimate frequency of 108 vertebrate consumption? To answer this question definitively, we would need concurrent 109 quantitative data on meat consumption, defecation rates, and fecal prevalence of 110 vertebrate remains; such data are not available. However, non-concurrent data from 111 several sites allow us to make a crude approximate test of the method. Wrangham and 112 van Zinnicq Bergmann Riss (1990) (Goodall, 1986) . Teleki (1973) reality of 'what (undigestible) goes in, must come out' is hard to deny, and the Gombe 156 example suggests that the method can reflect actual diet well within an order of 157 magnitude. The low prevalence reported for Taï is a puzzle. Assuming that it is not an 158 artifact of non-independent samples and does not simply reflect a failure to detect 159 bone/hair that was present, it suggests either that the Taï chimpanzees were fastidious 160 eaters, consuming meat and organs but not bone and hair; that the figure of 10 161 consumers/episode is too high by a substantial margin; that there were dramatic 162 fluctuations in predation rate between the period of fecal collection and behavioral 163 observations; or some other potentially interesting and informative difference between 164 the behavior of Taï and Gombe chimpanzees. 165
Giventhe amount of attention paid to behavioral sampling methods (e.g, Altmann, 166 1974) , it is surprising that fecal sampling has generally not been thought of as a sampling 167 problem; i.e., little attention has been given to sample sizes, confidence limits, statistical 168 independence, etc. (but see Hohmann and Fruth, 2008) 
. Wrangham and van Zinnicq 169
Bergmann Riss (1990:166) considered sample sizes of at least 500 to be "adequate" for 170 intersite comparisons, without explanation; that is the closest we have found to an explicit 171 consideration of the sample size problem. Figure 1 illustrates the sample sizes required to 172 be confident of detecting vertebrate remains for expected prevalence values under 5%. 173
The 95% confidence intervals (CI) are shown; following the recommendation of Naing et 174 al. (2006) , these are based on setting precision (d) to 50% of expected prevalence (P). 175
Thus, for expected prevalence P = 1%, we set d = (0.5 * 0.01) = 0.005 and find that a 176 size at Taï is 10 (Boesch and Boesch-Achermann, 2000), so the appropriate N might be closer to 38 than to 381; one in 38 is 2.6%.
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p. 9 sample of N ≥1,521 is required to be 95% confident of detection (i.e., for the CI to not 177 include 0). Note that, while a sample size of 500 should detect faunivory if it is present at 178 expected prevalences over 1%, much larger samples are needed to distinguish statistically 179 between different observed prevalence values. 180
There is an important caveat to the use of Figure 1 to estimate desired sample sizes for 181 using feces to study chimpanzee diets: it is based on the assumption that samples are 182 independent, but chimpanzees feed in parties and share meat. Consequently, evidence of 183 vertebrate consumption may be highly clustered (McGrew et al., 1979 ; e.g., Anderson et 184 al., 1983; Alp, 1993) . Sampling strategies can be designed to avoid such non-185 independence (Hohmann and Fruth, 2008) , but no published chimpanzee study has 186 explicitly followed such a protocol. Another bias that needs to be considered when 187 interpreting small published samples is that, for some, it is unlikely that fecal diet data 188 would have been presented at all had vertebrate remains not been found; i.e., there is a 189 'publication bias' (see below). For example, Nishida (1989) 
Literature review 237
For the comparative analysis, we attempted to locate all published information on 238 prevalence of vertebrate remains in chimpanzee feces that also provided sample size. 239
Bonobos are included for comparison but are not considered further other than to note 240 that the popular belief that bonobos are less predatory than chimpanzees (e.g., Gilby et 241 al., 2013) is not supported by the fecal prevalence data (Table 2) (1989), and Alp (1993) . These three studies were removed from the analysis and a second 264 funnel plot was constructed with the remaining studies (Fig. 5) . Forested sites show a 265 rough inverted funnel with the peak between 1-2% prevalence, as is expected in the 266 absence of publication bias, except for two outlying points representing Gombe and 267
Mahale. Both of those samples are large enough (N > 1,000) such that we do not believe 268
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p. 13 publication bias to be responsible for their reporting. 269
If taken separately, savanna sites exhibit a negative relationship between sample size 270 and fecal prevalence, which is consistent with publication bias (Fig. 5) . However, this 271 slope is not significant. Furthermore, we are investigating whether or not there is a 272 savanna-forest difference in faunivory and there is no a priori reason to treat savanna sites 273 separately. Additionally, all the savanna prevalence values fall well within the 274 distribution of those of forested sites. For these reasons, the negative slope alone does not 275 justify discounting any of the remaining savanna studies, although we note the possibility 276 that the data may overestimate faunivory in the 'savanna' category. Only the publication 277 of additional large sample sets can resolve this problem. 278
279
Data analysis 280
The comparison of effects across multiple studies requires meta-analytic techniques 281 (e.g., Hedges and Olkin, 1985; Hox, 2002; McDonald, 2014) . Here, we use meta-analysis 282 to compare the prevalence of vertebrate remains in chimpanzee feces using data from 283 multiple studies and sites. Because meta-analyses include data from studies that are by 284 nature heterogeneous, with differences at the level of study design, purpose, data 285 collection, time frame, and so forth, the differences between studies may confound the 286 systematic summary of the same effect across studies and may add random error variance 287 to any between group comparisons. Different levels of analyses (within-study cases, 288 when available; study or site; region) make meta-analysis a special case of multilevel or 289 hierarchical linear regression analyses (e.g., Bryk and Raudenbush, 2001; Hox, 2002) . 290
Chimpanzee faunivory p. 14 SAS 9.3 (PROC GLIMMIX) was used to model the data. PROC GLIMMIX fits 291 generalized linear mixed models when the outcome variable is not normally distributed. 292
Count data (quantity of fecal samples containing vertebrate remains) and sample size 293 were used as the dependent variable (events/trials syntax to specify a binomial response 294 distribution) in a mixed model, with habitat (forest vs. savanna) as a fixed between 295 groups variable. Study site nested in habitat was entered as a random variable (including 296 intercept; unstructured covariance matrix). When necessary, proportion was used to 297 estimate either sample size or count according to the information provided by the original 298 study, and where only a minimum sample size was given, we used that (e.g., for Fongoli 299 we estimated count as 0.4% of 1,400 = 5.6). Maximum likelihood estimation (LaPlace 300 method) provided fit indices. We present estimates for mean percentage of vertebrate 301
remains from the mixed model; these take into account sample size, the hierarchical 302 nature of the dataset, and the variance between sites. 303
All research complied with ethical policies, regulation, and guidelines from the 304 collected by GI two days and 4 km apart conceivably could represent a single episode of 311 consumption, but we consider them separately here). In five cases, the evidence was hair 312 judged to belong to a small mammal, possibly a squirrel, and a sixth was a vertebra of a 313
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squirrel-sized mammal. Accurate field identification of hair in feces is difficult, and we 314 cannot exclude the possibility that some were galagos (Galago senegalensis, Galago 315 moholi, or Otolemur crassicaudatus). Four small ungulates were consumed; in one case, 316 a hoof (possibly klipspringer, Oreotragus oreotragus) was found in feces; in two, 317 chimpanzees were observed feeding on blue duiker (Philantomba monticola); and in one, 318 the prey resembled a small blue duiker but the identification was not positive. 319
The Issa community is not fully habituated and observations are incomplete. In all 320 three observed cases, the parties were large (6, 9, and 'large'). Passive sharing by an adult 321 male was seen in one case (Ramirez-Amaya et al., 2015), but in another an adult male 322 monopolized the prey for several hours. In the third case, more than one individual had 323
portions, but the sex of the primary holder could not be determined. We emphasize that, because chimpanzees typically share meat, the prevalence of 380 vertebrate remains in feces should not be confused with the frequency of hunting. At 381 Gombe, with fecal prevalence of 5.81% (Table 2) 1-3 adult males in the community (Uehara, 1986 ). Bossou has had only one or two adult 422 males for many years (Sugiyama, 2004) , possibly contributing to the low rate of 423 predation there (Table 2) Table 2 ). The second is that the low density of larger (shareable) prey may inhibit the 461 triggering of hunting 'binges' during which hunting may occur daily for several weeks 462 reported that 95% of tool-assisted hunting for galagos occurs during May-October. This 485 proportion is not corrected for observation effort and so may overestimate seasonality. At 486
Tenkere, evidence of vertebrate consumption comes from three independent sets of fecal 487 samples and an observed predation; all occurred in February-April (the dry season), but 488 the distribution of sampling effort is not given and the sample is small, so the degree to 489 which this indicates seasonality is unclear (Alp, 1993) . No comparable data on 490 seasonality are available for Mt. Assirik or Semliki. In sum, 60% or more of vertebrate 491 consumption at savanna sites appears to occur during the three consecutive peak 492 consumption months. Those three months are either mainly dry season (Ugalla, Kasakati, 493
Tenkere) or mainly wet season (Fongoli) . 494
For comparison with non-savanna sites, at Gombe about 39% of all predations 495 occurred during the peak three months of July-September (dry season, calculated from 496
Stanford et al. [1994] ), and at Mahale, about 45% in August-October (late dry season, 497
Chimpanzee faunivory p. 23 calculated from Hosaka et al. [2001] ). At Taï, the three peak months for successful 498 predations are non-consecutive: June and September-October, with no data available for 499
July. Thirty-three percent of prey captures occurred during September-October and 44% 500 in August-October (calculated from Boesch and Boesch-Achermann, 2000: Fig. 8.1) . 501
These are the three rainiest months (Boesch and Boesch-Achermann, 2000: Fig. 1.3) . 502
Based on the available evidence, vertebrate consumption appears more strongly seasonal 503 at savanna sites. 1994; Mitani and Watts, 2001) . Existing data are not adequate to distinguish between 513 these nutritional shortfall and social facilitation hypotheses, but we note that most of the 514 prey at Fongoli, Mt. Assirik, and Ugalla are small, hole-dwelling prosimians and squirrels 515 (McGrew 1983; Pruetz et al., 2015) . Isaac and Crader (1981:101) argued that while the 516 pursuit of large mobile prey is clearly hunting, "as the quarry becomes smaller and less 517 mobile, the pursuit becomes less and less like hunting"-and they excluded from 518 "hunting" the capture of nestling birds and "the digging up of small burrowing animals." 519 While this conflates size and mobility, it does get at an important feature of 'hunting' that 520 Moore et and Ugalla, the association is not likely related to male social strategies. 530 Gilby et al. (2015) concluded that the association between male party size and hunting 531 of red colobus monkeys at Kasekela and Kanyawara is due to the effect of 'impact 532 hunters,' individuals who are unusually willing to initiate hunts. By diluting the colobus' 533 defenses, these individuals reduce the cost of hunting for other males, and an overall 534 increase in the rate of colobus capture results through by-product mutualism. Again, such 535 a mechanism is unlikely to be behind the season/party size/vertebrate consumption 536 association seen at Ugalla and Fongoli, where prey are mainly solitary and small. This 537 leaves the 'beater effect' (Takahata et al., 1984) : larger chimpanzee parties might be 538 more likely to disturb small prey, and the prey's escape is more difficult with more 539 chimpanzees around. Although such a passive mechanism is possible, observations at 540
Fongoli indicate a seasonal increase in galago hunting effort (Pruetz et al., 2015) , which 541 suggests an active increase in motivation rather than simply a passive increase in 542 opportunity. 543
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Whether this evidence from savanna sites has bearing on the debate over hunting at 544 forested sites remains to be seen; it is consistent with the conclusion of Gilby 
Conclusions 568
Chimpanzees may be informative to paleoanthropologists as referential/analogical 569 models for early hominins, though (as with any analytical method) care must be utilized 570 when used as such (Moore, 1996; Mitani, 2013) . One approach is to compare categories 571 of chimpanzees: if the differences observed between forest and savanna chimpanzees 572 resemble those observed between early and later hominins, the factors underlying the 573 former difference may help to illuminate the reasons for the latter one (Moore, 1996) . 574
Alternatively, lack of resemblance can help focus attention on elements of the 575 disanalogy-that is, ways in which the model and its referent differ. 576
Our examination of vertebrate consumption rates at forest and savanna chimpanzee 577 sites leads to a number of conclusions relevant to understanding both the reason(s) for 578 hunting by chimpanzees and consideration of the increase in vertebrate consumption by 579 early hominins: 580 1) It is not clear whether there is a 'savanna chimpanzee pattern' in the consumption 581 of vertebrates, but when compared with forest-living populations, savanna chimpanzees 582 tend to consume smaller vertebrates, more seasonally. While they do not consume 583 significantly less vertebrates, they certainly do not consume more of them than do forest 584 chimpanzees. However, because smaller prey are less likely to be shared and thus show 585 up in the feces of multiple individuals, conclusions about actual hunting frequency cannot 586 reliably be drawn from these data without quantitative observational data on numbers of 587 consumers per episode. 588
2) Whether the seasonal increase in vertebrate consumption is better explained by 589
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p. 27 social mechanisms-most likely a 'beater effect' at savanna sites, since theories 590 developed to explain patterns of red colobus hunting seem unlikely to apply in such 591 environments-or by nutritional shortfall is unknown. That the degree of seasonality is 592 greater in savannas, where rainfall seasonality is greater, is consistent with nutritional 593 hypotheses, but so far this is only an association. 594
3) The seasonality in largely solitary consumption of small vertebrates observed at 595 savanna sites is unlikely to be explained by hypotheses developed to account for 596 seasonality of red colobus hunting at forested sites in terms of social strategies. Whether 597 the difficulty with explaining seasonality at savanna sites constitutes a challenge to the 598 validity of those social hypotheses for addressing patterns observed at forest sites should 599 be considered. 600 4) Because chimpanzees rarely scavenge and strongly prefer red colobus where they 601 are available, there is a strong tendency in the literature to see chimpanzee vertebrate 602 consumption through the lens of hunting red colobus. This has led to an important body 603 of literature on monkey hunting by chimpanzees, but from the perspective of 604 understanding faunivory in hominin evolution, this narrow focus may be misleading. 605
5) The population density of prey (not the availability of prey taxa) appears to have a 606 strong effect on vertebrate consumption. This may complicate our understanding of the 607 origins of increased hominin faunivory, because it is easier to determine taxonomic 608 presence than absolute population densities from paleontological data. 609
6) The comparison of forest and savanna dwelling chimpanzees performed here 610 provides no support for the idea that the adaptation of an early hominin to more arid 611 environments would have required increased faunivory. Our results suggest that the 612 (COSTECH) for permission to conduct research in Tanzania.  636   637   638 
